INTRODUCTION
============

Cancer immunotherapy has been a breakthrough treatment strategy for a number of malignancies, activating the immune system to identify and kill cancer cells ([@R1]). In particular, checkpoint inhibitor (CPI) antibodies, which block key inhibitory pathways involved in T cell activation, have shown significant clinical potential in a number of solid tumors, leading to extended patient survival ([@R2]). While these therapies trigger antitumor immunity in a minority of patients, a significant fraction do not respond to CPI therapies ([@R3]). For example, a recent trial combining nivolumab (anti--programmed cell death protein 1, anti--PD-1) and ipilimumab (anti-cytotoxic T-lymphocyte--associated protein 4, anti--CTLA-4) induced only 11.5% complete response and 57.6% objective response in patients with melanoma ([@R4]).

To better understand why certain tumors do not respond to CPI therapy, a number of studies have aimed to investigate the phenotype of the tumor microenvironment ([@R5]). One key aspect influencing response to CPI therapy involves the magnitude and composition of immune cell infiltration into the tumor ([@R6], [@R7]). From this, tumors can be broadly categorized as being inflamed or noninflamed, often referred to as exhibiting a hot or cold phenotype ([@R8]). Inflamed, or hot, tumors are infiltrated by a large number of CD8^+^ cytotoxic T cells and antigen-presenting cells such as dendritic cells (DCs) ([@R9]); these tumors correlate with the greatest tumor regression when treated with CPI antibody therapies ([@R10]). On the other hand, noninflamed, or immunologically cold, tumors are characterized by a low number of CD8^+^ T cells, instead being populated by suppressor cells such as regulatory T cells (T~regs~) or myeloid-derived suppressor cells (MDSCs) ([@R11]). Noninflamed tumors are further stratified as immune-excluded or immune-desert phenotypes ([@R12]). Immune-excluded tumors may have T cell infiltration, although it is usually localized to the periphery. On the other hand, immune-desert phenotypes exhibit a lack of infiltrating T cells into the tumor. Noninflamed tumors correlate with poor responses to CPI therapy ([@R13]).

Enhancing T cell infiltration into tumors, therefore, is a promising strategy to improve the fraction of patients that respond to cancer immunotherapy ([@R14]). Detailed mechanistic studies of the tumor microenvironment have highlighted a crucial subset of DCs, CD103^+^ migratory DCs, as key drivers of antitumor immunity ([@R15]--[@R17]). While they comprise less than 5% of the myeloid cells in the tumor, CD103^+^ DCs are highly effective at trafficking intact antigen to the draining lymph nodes ([@R16]), where it can be cross-presented to CD8^+^ T cells to prime antitumor immune responses ([@R18]). Furthermore, CD103^+^ DCs are the main source of T cell--recruiting chemokines, namely, CXCL9 and CXCL10, in the tumor microenvironment ([@R19]). An absence of CD103^+^ DCs from the tumor may therefore contribute to the noninflamed phenotype observed in some tumors.

Recent work from Spranger *et al.* ([@R13], [@R20]) has identified a molecular signature of some melanomas that limits the recruitment of CD103^+^ DCs into the tumor. These CPI unresponsive, noninflamed tumors lacked expression of the chemokine CCL4, which recruits CD103^+^ DCs to the tumor through its receptor CCR5 ([@R20]). These results highlight the crucial role of CCL4 in the recruitment of CD103^+^ DCs, an integral part of antitumor immune responses and subsequent effectiveness of CPI immunotherapy.

To this point, there have been no reports using CCL4 as a molecular therapy to enhance tumor immune infiltrates and subsequent effectiveness of cancer immunotherapy. To realize the therapeutic potential of CCL4, delivery and retention within the tumor are paramount to effectively recruit CD103^+^ DCs. Broadly, targeted delivery of therapeutics is a key challenge to maximize the potential of immunotherapy ([@R21]). Previously, we have identified an effective strategy to target proteins to and retain them within the tumor microenvironment following systemic administration by using exposed collagen ([@R22]), which is accessible in tumors due to blood vessel abnormalities and hyperpermeability ([@R23]). This leakiness allows for collagen to be exposed to molecules in the bloodstream; because collagen is abundant in the tumor extracellular matrix, it presents an attractive target for tumor delivery and retention ([@R24], [@R25]). We have shown that, either through molecular conjugation or recombinant fusion with the specific collagen-binding domain (CBD) of von Willebrand factor (VWF, specifically the A3 domain) ([@R26]), the therapeutic effects of CPI antibodies or the cytokine interleukin-2 (IL-2) were enhanced while minimizing off-target toxicity associated with these therapies ([@R22]).

Here, we hypothesize that targeted delivery of CCL4 to the tumor can enhance recruitment of CD103^+^DCs and, subsequently, tumor immune infiltration; furthermore, when combined with CPI antibody therapy, this inflamed phenotype will enhance its efficacy and improve antitumor immune responses, thus holding the potential to increase the fraction of patients that respond to CPI therapy.

RESULTS
=======

CBD-CCL4 binds to collagen and enhances accumulation within the tumor
---------------------------------------------------------------------

CBD-CCL4 recombinant protein was produced using mammalian protein expression techniques similar to our previous report ([@R22]). Following production and purification using affinity and size-exclusion chromatography, CBD-CCL4 was evaluated using SDS--polyacrylamide gel electrophoresis (SDS-PAGE). Fusion with CBD increased the molecular size of CCL4 by approximately 20 kDa compared to native CCL4, consistent with the size of the A3 domain of VWF ([Fig. 1A](#F1){ref-type="fig"}). Using dynamic light scattering to measure protein size, we have confirmed that CBD-CCL4 does not form high--molecular weight aggregates during routine storage and handling, as well as in mouse serum (fig. S1). Using surface plasmon resonance (SPR), we calculated the dissociation constant (*K*~D~) for binding to collagen I and collagen III as 33.4 and 14.5 nM, respectively ([Fig. 1, B and C](#F1){ref-type="fig"}). These results agree with previous collagen affinity measurements for CBD-modified immunotherapies ([@R22]). Native \[wild-type (WT)\] CCL4 did not show any detectable affinity for either collagen I or collagen III from both mouse and human origin (fig. S2A). Furthermore, CBD-CCL4, but not WT CCL4, colocalized with collagen I in human melanoma tumor cryosections ([Fig. 1, D and E](#F1){ref-type="fig"}), showing the strongest signal around the blood vasculature where collagen I was densest. Similar staining patterns were observed for murine melanoma cryosections (fig. S2B). These observations confirm that CBD-CCL4 can bind to collagen encountered in the tumor microenvironment. Next, we evaluated the activity of WT CCL4 and CBD-CCL4 using a calcium flux assay, as CCL4 signals through the G protein--coupled receptor (GPCR) CCR5 ([@R27]), leading to intracellular calcium elevation upon activation ([Fig. 1F](#F1){ref-type="fig"}). Both WT CCL4 and CBD-CCL4 exhibited similar GPCR activation levels, highlighting that CBD fusion did not alter the ability of CCL4 to signal through CCR5.

![CBD-CCL4 exhibits high affinity to collagen and accumulates in tumor following intravenous injection.\
(**A**) WT CCL4 and CBD-CCL4 were analyzed by SDS-PAGE followed by Coomassie blue staining. (**B** and **C**) Affinity of CBD-CCL4 against (B) collagen I and (C) collagen III was measured by SPR. SPR chips were functionalized with collagen I \[\~500 resonance units (RU)\] and collagen III (\~700 RU), and CBD-CCL4 was flowed over the chips at indicated concentrations. Curves represent the obtained specific responses (in resonance units) to CBD-CCL4. Experimental curves were fitted with 1:1 Langmuir fit model. Binding kinetics values \[dissociation constants (*K*~d~) and rate constants (*k*~on~ and *k*~off~)\] determined from the fitted curves are shown. (**D** and **E**) Binding of (D) WT CCL4 or (E) CBD-CCL4 to human melanoma cryosections as determined by immunofluorescence microscopy. Scale bars, 100 μM. DAPI, 4′,6-diamidino-2-phenylindole. (**F**) GPCR activation assay comparing signaling of WT CCL4 and CBD-CCL4 in THP1 monocytes. Median effective concentration (EC~50~) values were calculated using a nonlinear dose-response curve fit model. Each point represents mean ± SEM, *n* = 3. (**G**) Blood plasma pharmacokinetics was analyzed using DyLight 800--labeled WT CCL4 or CBD-CCL4 in B16F10 melanoma. Four days after tumor inoculation, mice were administered 25 μg of WT CCL4 or the molar equivalent of CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4) via intravenous injection. Blood was collected at the indicated time points, and plasma was separated and analyzed for CCL4 concentration. Each point represents mean ± SEM, *n* = 4. (**H**) Biodistribution was analyzed using DyLight 647--labeled WT CCL4 or CBD-CCL4 in EMT6 breast cancer. When the tumor volume reached 500 mm^3^, 25 μg of WT CCL4 or the molar equivalent of CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4) was given via intravenous injection. Fluorescence intensity in each tumor was measured using an in vivo imaging system (IVIS), converted to percent injected dose using a known standard series, and normalized to the weight of the tumor. Each bar represents mean ± SEM, *n* = 3. \*\**P* \< 0.01.](aay1357-F1){#F1}

Moving to an in vivo system, we evaluated the blood plasma pharmacokinetics of WT CCL4 and CBD-CCL4 following intravenous administration in B16F10 tumor-bearing mice. CBD-CCL4 exhibited modestly delayed clearance compared to WT CCL4 ([Fig. 1G](#F1){ref-type="fig"}). To confirm that CBD fusion enhanced tumor delivery of CCL4, we performed biodistribution studies in established (\>100 mm^3^) orthotopic EMT6 breast cancer--bearing mice following intravenous administration. CBD-CCL4 fusion exhibited a 2.4-fold increase in tumor accumulation 30 min following administration, when both WT CCL4 and CBD-CCL4 are cleared from plasma ([Fig. 1H](#F1){ref-type="fig"} and fig. S3). These data demonstrate the effective accumulation of CBD-CCL4 within the tumor microenvironment.

CBD-CCL4 enhances efficacy of CPI therapy in B16F10 melanomas and EMT6 breast tumors through recruitment of DCs and T cells and synergizes with anti--PD-1 CPI therapy
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

We next investigated whether treatment with CBD-CCL4 could enhance tumor immune infiltration, a key factor driving successful responses to CPI therapy. For all subsequent experiments, CCL4 chemokine therapy was coadministered with CPI therapy comprising αCTLA4 and anti-programmed death-ligand 1 (αPD-L1), a combination treatment used for advanced melanoma and non--small cell lung cancer in the clinic ([@R28], [@R29]). CPI therapy alone was included for baseline comparison. We first evaluated combination CCL4 and CPI therapy in B16F10 melanoma, a tumor model that responds poorly to CPI therapy alone ([@R22], [@R30], [@R31]). As shown in [Fig. 2A](#F2){ref-type="fig"}, only the combination of CBD-CCL4 (administered intravenously) and CPI therapy (administered intraperitoneally) showed a significant reduction in tumor growth rate. WT CCL4, given in combination with CPI therapy, did not show any reduction in tumor growth rates. These results confirm that targeted chemokine delivery is required to elicit a therapeutic benefit from CCL4.

![CBD-CCL4 fusion recruits DCs and T cells and improves efficacy of CPI therapy in B16F10 melanoma.\
Mice were intradermally injected with 5 × 10^5^ cells; 4 days later, mice were treated with WT CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as control. (**A**) Tumor growth was monitored over time until 10 days after tumor inoculation, at which point tumors were harvested and processed for flow cytometry analysis. (**B** to **H**) Immune cell composition was evaluated, where graphs depict the number of (B) CD45^+^ leukocytes, (C) CD103^+^ CD11c^+^ MHCII^Hi^ DCs, (D) total CD11c^+^ DCs, (E) CD8^+^ T cells, (F) NK1.1^+^ CD3^−^ NK cells, (G) CD4^+^ T cells, and (H) % FoxP3^+^ CD25^+^ T~regs~ (of total CD4^+^ T cells). Bars represent means ± SEM, *n* = 11 to 13. \**P* \< 0.05 and \*\**P* \< 0.01. Arrow in (A) indicates time of treatment. (**I** to **N**) Regression analysis comparing the number of tumor-infiltrating cells with tumor volume was performed using the results obtained in (A) to (H). Correlations between (I) tumor volume and CD103^+^ CD11c^+^ MHCII^Hi^ DCs, (J) tumor volume and CD8^+^ T cells, (K) CD103^+^ CD11c^+^ MHCII^Hi^ DCs and CD8^+^ T cells, (L) tumor volume and NK1.1^+^ CD3^−^ NK cells, (M) tumor volume and total CD11c^+^ DCs, and (N) tumor volume and total CD45^+^ leukocytes.](aay1357-F2){#F2}

Because we observed a significant slowing of tumor growth, we hypothesized that an increase in CD103^+^ DC recruitment to the tumor may be contributing to the antitumor immune response. Six days following administration of the treatment regime, mice were euthanized, and tumors were harvested and processed for flow cytometry analysis of the immune cell infiltrates in the tumor (gating strategy shown in fig. S4). Compared to CPI therapy alone and CPI given in combination with WT CCL4, CPI therapy given with CBD-CCL4 significantly increased the number of CD45^+^ immune cells ([Fig. 2B](#F2){ref-type="fig"}) in the tumor, indicating a more inflamed microenvironment. Looking specifically at the immune cell composition, we observed that CPI therapy given with CBD-CCL4 led to the highest infiltration of key drivers of antitumor immune responses, including CD103^+^ DCs ([Fig. 2C](#F2){ref-type="fig"}), total CD11c^+^ DCs ([Fig. 2D](#F2){ref-type="fig"}), CD8^+^ T cells, both total and CD44^+^ effector cells ([Fig. 2E](#F2){ref-type="fig"} and fig. S5A), and natural killer (NK) cells ([Fig. 2F](#F2){ref-type="fig"}). CD4^+^ T cells were also significantly elevated relative to the combination of CPI therapy and WT CCL4 ([Fig. 2G](#F2){ref-type="fig"}). No increase in the T~reg~ fraction of CD4^+^ T cells was observed ([Fig. 2H](#F2){ref-type="fig"}), indicating that increases in tumor inflammation did not also significantly alter the immune suppressive T~reg~ recruitment. CBD-CCL4 also did not exhibit an increase in MDSCs relative to CPI therapy alone (fig. S5B). While we observed an increase in CD11b^+^ F4/80^+^ macrophages in the tumor (fig. S5, C and D), they exhibited an MHCII^HI^ phenotype, as opposed to an MHCII^Lo^ phenotype associated with tumor progression ([@R32]).

Encouraged by these results, we performed correlation analysis between immune cell infiltration and tumor growth to highlight the contribution of each cell population in driving antitumor immunity. Negative correlation between tumor volume and cell infiltration was strongest for CD103^+^ DCs (*P* \< 0.0001) and CD8^+^ T cells (*P* \< 0.0001) ([Fig. 2, I and J](#F2){ref-type="fig"}), with the greatest cell infiltrate numbers leading to the smallest tumor volumes. As expected, a significant positive correlation between CD103^+^ DCs and CD8^+^ T cells (*P* \< 0.0001) was observed ([Fig. 2K](#F2){ref-type="fig"}), as it has previously been shown that CD103^+^ DCs secrete chemokines necessary for T cell infiltration into the tumor ([@R19]). Lesser trends were observed between NK cells (*P* = 0.003) and CD11c^+^ DCs (*P* = 0.09) ([Fig. 2, L and M](#F2){ref-type="fig"}), highlighting that these cell types are important for tumor growth control, albeit less so than CD103^+^ DCs and CD8^+^ T cells. Furthermore, no significant correlation was observed between total CD45^+^ immune cells and tumor growth (*P* = 0.22) ([Fig. 2N](#F2){ref-type="fig"}), indicating that total immune infiltration alone is not strong enough to drive antitumor immunity. Rather, the specific cell types driving antitumor immunity must be recruited to maximize therapeutic effect. Last, no significant correlation was observed between tumor volume and MDSCs (*P* = 0.4) or macrophages (*P* = 0.26) (fig. S5, E and F).

To follow up on the immune infiltrate responses observed in B16F10 melanoma, we performed similar analysis in the EMT6 breast cancer model. The EMT6 model, which moderately responds to CPI therapy, is categorized as an immune-excluded tumor model ([@R22], [@R33]). Therefore, we hypothesized that tumor-targeted CCL4 delivery may further enhance CD103^+^ DC recruitment and further improve efficacy of CPI therapy. Similar to the results observed in B16F10 melanoma, only the combination of CPI therapy and CBD-CCL4 exhibited a significant reduction in tumor growth ([Fig. 3A](#F3){ref-type="fig"}). WT CCL4 given in combination with CPI therapy showed no significant improvement relative to CPI therapy alone. Detailed analysis of the immune cell infiltrates using flow cytometry found that CBD-CCL4 in combination with CPI therapy exhibited a significant increase in the total number of CD45^+^ immune cells ([Fig. 3B](#F3){ref-type="fig"}). Specifically, CBD-CCL4 combination therapy mediated the highest recruitment of CD103^+^ DCs, CD8α^+^ cross-presenting DCs, and total CD11c^+^ DCs ([Fig. 3, C to E](#F3){ref-type="fig"}). A significant increase in CD8^+^ T cells was also observed ([Fig. 3F](#F3){ref-type="fig"}). CBD-CCL4 combination therapy did not increase recruitment of CD4^+^ T cells, nor did it enhance the fraction of T~regs~ in the CD4^+^ T cell compartment ([Fig. 3, G and H](#F3){ref-type="fig"}). Furthermore, we performed immunohistochemical analysis of the tumors, which correlated with the results from the flow cytometry study (fig. S6). Only mice treated with CPI in combination with CBD-CCL4 exhibited significant infiltration of CD8^+^ cells.

![CBD-CCL4 combination treatment recruits cross-presenting DCs and T cells and improves efficacy of CPI therapy in EMT6 immune-excluded breast cancer.\
Mice were subcutaneously injected with 5 × 10^5^ cells; 6 and 9 days after inoculation, the mice were treated with WT CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as control. (**A**) Tumor growth was monitored over time until 10 days after tumor inoculation, at which point tumors were harvested and processed for flow cytometry analysis. (**B** to **H**) Immune cell composition was evaluated, where graphs depict the number of (B) CD45^+^ leukocytes, (C) CD103^+^ CD11c^+^ MHCII^Hi^ DCs, (D) CD8α^+^ CD11c^+^ MHCII^Hi^ DCs, (E) total CD11c^+^ DCs, (F) CD8^+^ T cells, (G) CD4^+^ T cells, and (H) % FoxP3^+^ CD25^+^ T~regs~ (of total CD4^+^ T cells). Bars represent means ± SEM, *n* = 7 to 9. \**P* \< 0.05 and \*\**P* \< 0.01 Arrows indicate time of treatment.](aay1357-F3){#F3}

Extending from these results, we next investigated whether CBD-CCL4 could synergize with anti--PD-1 antibody (αPD-1, CD279), another clinically approved immunotherapy for a number of indications, including melanoma, non--small cell lung cancer, bladder cancer, renal cell carcinoma, and hepatocellular carcinoma ([@R29]). Using two syngeneic colon cancer models, CT26 and MC38, we found that the combination of αPD-1 therapy and CBD-CCL4 mediated the slowest tumor growth rates in both models, significantly enhancing therapeutic benefit relative to αPD-1 therapy alone or combination with WT CCL4 (fig. S7, A and B). These results highlight that CBD-CCL4 can be combined with multiple CPI antibody therapies to improve therapeutic effect. Together, these results once again highlight the importance of targeted CCL4 delivery in the recruitment of key cell populations to enhance the efficacy of CPI therapy.

CBD-CCL4 therapy does not exhibit off-target immune-related adverse effects
---------------------------------------------------------------------------

Our previous results indicated that CBD-targeted immunotherapies exhibited a reduction in off-target treatment-related adverse events ([@R22]). We similarly evaluated off-target side effects following CCL4 therapy. Alanine aminotransferase (ALT), a common serum marker of liver damage, showed no differences among treatment groups ([Fig. 4A](#F4){ref-type="fig"}). Similarly, no differences in serum levels of interferon-γ (IFN-γ) or IL-6, two common proinflammatory cytokines associated with systemic immune cell activation, were observed ([Fig. 4, B and C](#F4){ref-type="fig"}). Last, histological analysis was performed on tissue sections taken from the lung, kidney, and liver following treatment. In all cases, no morphological damage was observed ([Fig. 4D](#F4){ref-type="fig"}); no differences in leukocyte infiltration were seen following treatment, indicating that CBD-CCL4 therapy did not noticeably recruit immune cells to other organs under tested conditions. These results highlight that CBD-CCL4 therapy was well tolerated following systemic administration.

![CBD-CCL4 therapy does not elevate treatment-related adverse events.\
Mice were intradermally injected with 5 × 10^5^ cells; 4 and 7 days later, the mice were treated with WT CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as control. (**A**) ALT activity in serum of mice, relative to saline-treated control mice, as measured 10 days after tumor inoculation. (**B** and **C**) Eight days after tumor inoculation, blood was collected, and serum levels of (B) IFN-γ and (C) IL-6 were measured by enzyme-linked immunosorbent assay (ELISA). (**D**) Ten days after tumor inoculation, the lung, kidney, and liver were harvested, and histological analysis was performed to assess tissue morphology and immune cell infiltration. Representative images of each organ are shown. Scale bars, 200 μm. All bars represent means ± SEM, *n* = 6 to 8.](aay1357-F4){#F4}

CPI and CBD-CCL4 combination therapy requires Batf3-lineage DCs and mediates antitumor immune response through downstream recruitment of effector T cells
---------------------------------------------------------------------------------------------------------------------------------------------------------

We next investigated whether Batf3-lineage DCs, including CD103^+^ DCs, were required for antitumor efficacy. We treated B16F10 tumors implanted into Batf3^−/−^ mice ([@R34]) with either CPI alone or CPI in combination with CBD-CCL4. No differences in treatment efficacy were observed ([Fig. 5A](#F5){ref-type="fig"}), highlighting the importance in recruiting CD103^+^ DCs to enhance CPI therapy. In addition, we performed detailed immune cell profiling of B16F10 tumors implanted in Batf3^−/−^ mice. No significant differences were observed for CD45^+^ cells, CD103^+^ DCs, total CD11c^+^ DCs, CD8^+^ T cells, CD4^+^ T cells, or NK cells ([Fig. 5 B to G](#F5){ref-type="fig"}). Compared to results shown above in WT mice, the magnitude of immune cell recruitment decreased greater than 80% in Batf3^−/−^ mice. Encouraged by these results, we next investigated whether CBD-CCL4 combination therapy mediated antitumor efficacy through downstream recruitment of effector T cells. As mentioned previously, CD103^+^ DCs are the main source of CXCL9 and CXCL10 ([@R19]), which recruit effector T cells via CXCR3. Using B16F10 melanoma, CPI and CBD-CCL4 combination therapy slowed tumor growth and enhanced survival ([Fig. 5, H and I](#F5){ref-type="fig"}). However, when CXCR3 signaling was blocked, CPI and CBD-CCL4 combination therapy lost its antitumor efficacy, suggesting that CBD-CCL4 mediates its therapeutic effect via CD103^+^ DC-driven T cell recruitment. B16F10 melanoma treated with CBD-CCL4 alone showed no reduction in tumor growth relative to saline control or CPI therapy alone ([Fig. 5J](#F5){ref-type="fig"}), highlighting the importance of combination with CPI therapy in maximizing the effect of CCL4 therapy. It is unlikely that CBD-CCL4 directly recruits T cells via CCR5, as previous reports suggest that CCR5 expression is significantly higher on DCs compared to T cells ([@R35]). Staining for cell surface CCR5 expression confirmed these findings, as shown in fig. S8.

![CBD-CCL4 requires Batf3-lineage DCs and mediates downstream effector T cell recruitment.\
(**A** to **G**) Batf3^−/−^ mice were intradermally injected with 5 × 10^5^ B16F10 cells; 7 days later, once tumor volume exceeded 50 mm^3^, the mice were treated with CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as comparison. Graphs display (A) tumor growth curves and (B to G) tumor immune infiltrates depicting the number of (B) CD45^+^ leukocytes, (C) total CD11c^+^ DCs, (D) CD103^+^ CD11c^+^ MHCII^Hi^ DCs, (E) CD8^+^ T cells, (F) CD4^+^ T cells, and (G) NK cells. Graphs depict means ± SEM, *n* = 6. \*\**P* \< 0.01. (**H** and **I**) C57BL/6 mice were intradermally injected with 5 × 10^5^ B16F10 cells; 7 days later, the mice were treated with CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection, as shown with a black arrow. CPI therapy alone was administered as comparison. In addition, indicated groups were treated with 200 μg of CXCR3 blocking antibody via intraperitoneal injection on days 7, 9, and 11, as shown by blue arrows. (H) Tumor growth curves and (I) survival curves are shown, with each bar representing mean ± SEM, *n* = 5. (**J**) C57BL/6 mice were intradermally injected with 5 × 10^5^ B16F10 cells; 4 days later, the mice were treated with saline, CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) or CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. Tumor growth curves are shown, with each bar representing mean ± SEM, *n* = 5. \*\**P* \< 0.01. Arrows indicate time of treatment.](aay1357-F5){#F5}

CPI and CBD-CCL4 codelivery enhances antitumor efficacy in orthotopic and spontaneous breast cancer models
----------------------------------------------------------------------------------------------------------

Last, we investigated the efficacy of combination therapy in both orthotopic implantable and spontaneous breast cancer models. Following a single administration of CPI in combination with CBD-CCL4 in orthotopic implanted MMTV-PyMT tumor-bearing mice, 50% of tumors were completely cleared; conversely, only 10% of mice treated with CPI therapy alone became tumor free ([Fig. 6A](#F6){ref-type="fig"}). Survival analysis also showed a significant improvement following combination therapy with CPI and CBD-CCL4 ([Fig. 6B](#F6){ref-type="fig"}). Encouraged by these results, we rechallenged mice that had cleared tumors following CBD-CCL4 therapy in the contralateral mammary fat pad. Compared with naïve control mice (i.e., previously naïve mice given a tumor inoculation), which all developed tumors, no mice that had demonstrated complete response after treatment with CBD-CCL4 combination therapy developed tumors following a second tumor challenge ([Fig. 6C](#F6){ref-type="fig"}). These results indicate that long-term immunologic memory was established. To further understand the mechanism for tumor clearance, the rechallenged mice were euthanized, and spleens were collected for flow cytometric analysis. Following stimulation with phorbol 12-myristate 13-acetate (PMA) and ionomycin, cytokine production was evaluated in splenic T cells. Both CD8^+^ and CD4^+^ T cells from complete-responding mice that had been treated with CPI in combination with CBD-CCL4 and rechallenged (rejecting the new tumor cells) exhibited higher percentages of cells, relative to naïve challenge controls, that were double positive for IFN-γ and tumor necrosis factor--α (TNFα), key cytokines driving antitumor immunity ([Fig. 6D](#F6){ref-type="fig"}). Furthermore, IFN-γ production was higher in effector (CD44^+^) T cells following CPI and CBD-CCL4 combination treatment ([Fig. 6, E and F](#F6){ref-type="fig"}), compared to naïve control mice. These results highlight the enhanced antitumor immune response mediated by CBD-CCL4 therapy, conferring protection from secondary tumor challenges.

![CBD-CCL4 in combination with CPI slows growth of implantable and spontaneous MMTV-PyMT breast tumors.\
(**A** to **F**) 10^6^ MMTV-PyMT cells were inoculated on the right mammary fat pad. Six days after inoculation, mice were treated with CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as comparison. (A) Tumor growth curves and (B) survival curves are shown, with each bar representing mean ± SEM, *n* = 9 to 10. Numbers indicate the fraction of tumor-free mice in each group. \**P* \< 0.05 and \*\**P* \< 0.01. (C) One month after becoming tumor free, the mice were given a secondary tumor challenge with 10^6^ MMTV-PyMT cells in the contralateral mammary fat pad. Naïve control mice were inoculated in a similar fashion. Numbers indicate how many mice remain tumor free 14 days following tumor challenge. (**D** to **F**) Twenty days after tumor rechallenge, the mice were euthanized, and splenocytes were stimulated with PMA and ionomycin for 6 hours to evaluate cytokine production. (D) Charts depict average percentage of splenic CD8^+^ T cells and CD4^+^ T cells producing the indicated cytokines. \**P* \< 0.05. (E and F) Percentage of IFN-γ--producing effector (CD44^+^) (E) CD8^+^ T cells and (F) CD4^+^ T cells in the spleen. Bars represent means ± SEM, *n* = 5. \**P* \< 0.05. (**G**) Spontaneous MMTV-PyMT tumor-bearing mice were monitored until total tumor burden reached 100 mm^3^. At this point, the mice were treated with CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as comparison. Identical dosing was given 7 and 14 days after the initial treatment. Tumor growth curves until the first mouse died are shown. Graphs depict means ± SEM, *n* = 6. \**P* \< 0.05 and \*\**P* \< 0.01. Arrows indicate time of treatment.](aay1357-F6){#F6}

To this point, antitumor efficacy of CBD-CCL4 has been demonstrated in multiple implantable tumor models. While notable, these models develop rapidly, which may affect the leakiness and disordered nature of the tumor microvasculature ([@R36]), potentially making it more amenable to targeting via our collagen-binding approach. It is possible that slowly developing tumors, on the other hand, may not exhibit this same disordered vasculature ([@R37]), possibly limiting the effectiveness of CBD-CCL4 therapy. To explore this, we used female FVB/N-Tg(MMTV-PyVT)634Mul/J (MMTV-PyMT) mice, which spontaneously develop invasive ductal carcinomas in their mammary fat pads around 6 to 7 weeks after birth ([@R38]). This model is also histologically similar to human breast cancers ([@R39]), making it a suitable model to demonstrate the translational potential of CBD-CCL4 combination therapy. Once again, CBD-CCL4 in combination with CPI therapy slowed tumor growth relative to CPI therapy alone ([Fig. 6G](#F6){ref-type="fig"}). In addition, median survival time increased to 29 days following initial treatment for the CPI and CBD-CCL4 combination therapy, compared to 23 days for CPI therapy alone (fig. S9). These results demonstrate that CBD targeting can also be applied to spontaneously developing tumors in addition to implantable tumor models.

DISCUSSION
==========

Increasing the fraction of patients that respond to CPI therapy remains a major challenge to further boost the remarkable effects that these drugs have had for cancer treatment. Recruitment of key immune cell populations that drive antitumor immune responses, including T cells and DCs, is an attractive strategy to accomplish this goal, as these cell populations often correlate with the greatest percentage of patients that experience successful therapeutic outcomes ([@R15], [@R16]). In this work, we used CCL4 to enhance tumor immune infiltration for two primary reasons. First, recent work from Spranger and Gajewski ([@R20]) has highlighted the role of CCL4 in recruiting CD103^+^ DCs to tumors; in tumors lacking CCL4 expression, an immunologically cold phenotype was observed, and CPI therapy performed poorly. Furthermore, studies have highlighted the importance of CD103^+^ DCs in presenting tumor-associated antigens and recruiting effector T cells to the tumor microenvironment through production of CXCL9 and CXCL10 ([@R19]), influencing responsiveness to CPI therapy.

To maximize the therapeutic potential of CCL4, a targeted delivery strategy must be used. Relative to WT CCL4, the increase in molecular size of the molecule may slow its clearance from blood; this could have beneficial implications for tumor targeting, as enhanced blood circulation time is often attractive for enhancing delivery of macromolecules to tumors ([@R40]). Furthermore, enhanced circulation time may allow for additional opportunities to bind to and be retained by exposed collagen in the leaky tumor microvasculature ([@R41]). The collagen-targeting delivery and retention strategy used in this work offers several distinct advantages. Collagen, as opposed to a tumor cell--specific antigen or receptor, is expressed in many different solid tumor types, which may allow this strategy to be broadly applicable without the need to stratify patients on the basis of the expression of a target protein before treatment. In addition, collagen, unlike some tumor cell surface receptors, is not subject to turnover associated with receptor endocytosis or down-regulation due to tumor cell mutations. In targeting the tumor microenvironment, our approach turns the stroma into both a target for the drug being administered and a depot for its retention and release over time. This may be of particular importance for chemokines such as CCL4, as they presumably exert their biological effect by recruiting cells through a concentration gradient. We have previously shown that our CBD-targeting approach binds to collagen within the tumor stroma following systemic administration, exploiting the disordered structure and leakiness of these vessels in solid tumors ([@R22]). CBD-CCL4, therefore, may localize to the tumor stroma and vasculature through collagen affinity and be slowly released over time, because of matrix remodeling or protein binding and dissociation kinetics, generating a concentration gradient through which CD103^+^ DCs can then infiltrate the tumor and enhance responsiveness of CPI therapy.

From our results, we have confirmed in multiple tumor models that targeted delivery of CCL4 is required to observe a therapeutic effect. WT CCL4 mediated no increase in the recruitment of key drivers of antitumor immune responses, nor did it slow tumor growth when given in combination with CPI therapy. CBD-CCL4, however, given in combination with CPI therapy, significantly slowed tumor growth in tumor models that respond poorly to CPI therapy alone, likely because of the recruitment of DCs and T cells. Correlation analysis supports this finding, as the most significant relationships between tumor growth and cell infiltration were found for CD103^+^ DCs and CD8^+^ T cells. It is important to note that recruitment of these specific cell populations is paramount for antitumor immune responses, as opposed to general CD45^+^ immune cell infiltration, as correlations were not statistically significant when comparing tumor growth and total CD45^+^ immune cell numbers. Although in our studies we attribute increases in efficacy to CD103^+^ DCs, as their correlation with the smallest tumor volumes was most significant, it is possible that CD8^+^ DCs may be contributing to this antitumor effect as well, since we observed increases in CD8^+^ DC numbers from our EMT6 infiltrate analysis. However, CD103^+^ DC numbers are much higher, suggesting a greater contribution to the antitumor effect.

Our initial studies do not raise any significant concerns for treatment-related off-target adverse events associated with CBD-CCL4 therapy, even in the presence of checkpoint blockade immunotherapy. Analysis of clinically relevant liver damage markers and serum cytokine levels did not show any significant increase following treatment with CBD-CCL4 in combination with CPI. This finding suggests that there may be less risk associated with future clinical development of CBD-CCL4 therapy, compared to other cytokine therapies that may have significant side effects, such as cytokine storm. Furthermore, histological analysis did not find detectable levels of leukocyte infiltration in the lungs, liver, or kidneys, suggesting that immune cell recruitment was specific to the tumor microenvironment.

Mechanistically, we have shown that CD103^+^ DCs are required to mediate a therapeutic effect, as Batf3 knockout mice lacking this DC population did not show any benefit following CBD-CCL4 therapy in combination with CPI. Furthermore, CBD-CCL4 did not exhibit any antitumor effects as a monotherapy in B16F10 models; this finding suggests that direct recruitment of T cells via CCL4-CCR5 interaction is not a main mechanism of treatment efficacy. Rather, CBD-CCL4 serves to recruit DCs to the tumor, which, in turn, secrete CXCL9 and CXCL10 to attract effector T cells, where their antitumor effect can be activated by CPI therapy through blockade of the immune checkpoint regulatory pathways. Our study using CXCR3 blocking antibodies supports this hypothesis, as impairment of effector T cell recruitment eliminated therapeutic efficacy of CBD-CCL4 and CPI combination therapy. Highlighting the translational potential of this therapy, we have shown that CBD-CCL4 can synergize with multiple CPI antibody drugs and exhibit therapeutic effects in multiple tumor types when given via intravenous administration.

In the implantable MMTV-PyMT model, CBD-CCL4 cotreatment increased the percentage of tumor-free mice from only 10% in CPI therapy alone to 50% of the treated mice. Tumor rechallenge studies highlighted the generation of long-term immunological memory, as mice that cleared their initial challenge did not develop tumors when given a secondary tumor challenge. Mechanistic analysis found an increased presence of T cells in these mice producing crucial proinflammatory cytokines necessary for antitumor immune responses. We also observed a significant slowing of tumor growth in spontaneously developing MMTV-PyMT breast tumors treated with CBD-CCL4 in combination with CPI therapy when compared to mice given only CPI therapy. As these tumors develop slower than implantable tumors, they may better recapitulate the phenotype observed in human tumors ([@R39]), highlighting the translational potential of CBD-CCL4 delivery. Optimization of dosing regimens may further improve the benefit afforded by CBD-CCL4 combination therapy.

One potential drawback of CBD-based delivery strategies, including CBD-CCL4, is that it is limited to solid tumors amenable to tumor stroma targeting. In addition, as the targeting strategy uses inherent leakiness of disordered tumor vasculature, potential accumulation in other sites with exposed collagen, including wounds, may occur. While we cannot rule out accumulation in other organs from our data, our preliminary results suggest that any accumulation is not necessarily accompanied with downstream immune cell infiltration, as shown by the lack of immune cell infiltration into the lung, liver, and kidney from histological analysis. Last, while the lack of immune cell infiltration into tumors is one key factor limiting the success of CPI therapy in certain patients, other compensatory immunomodulatory mechanisms may also exist ([@R13]). In these cases, further boosting the recruitment of key drivers of antitumor immunity with CBD-CCL4 may help to shift the balance of the tumor microenvironment to one that is more favorable to CPI therapy responsiveness.

Currently, a number of cancer immunotherapies are in preclinical and clinical development for combination with CPI therapies. However, these agents typically function by activating costimulatory receptors (e.g., Ox40, Glucocorticoid induced TNF receptor (GITR), and CD137) or blocking other inhibitory pathways (e.g., Tim3, Lag3, and Indoleamine 2,3-dioxygenase (IDO) inhibitors). Similar to blockade of PD-1/PD-L1 and CTLA4, these therapies also require the tumor to have significant immune cell infiltration. Chemokines, on the other hand, may act as a new class of immunotherapeutic agents that can be combined with many immunotherapies, as they function by specifically recruiting the key cell populations necessary for antitumor immune responses; they may also function in tumor phenotypes with poor prior immune infiltration. Thus far, using chemokines for cancer treatment has been challenging, relying on intratumoral administration or antibody-chemokine fusions for delivery to the tumor microenvironment ([@R42]). Our collagen-targeted delivery strategy, however, allows for systemic chemokine administration that can localize and recruit immune cells to the tumor. Thus, CBD-CCL4 may hold significant clinical potential to boost the therapeutic effect of CPI and other immunotherapies using a complementary mechanism related to other combinations currently under investigation.

In conclusion, we have demonstrated a novel method for enhancing the efficacy of CPI immunotherapy (e.g., αPD-1, αPD-L1, and αCTLA-4) through the recruitment of CD103^+^ DCs to the tumor microenvironment using the tumor-targeted chemokine CCL4. CBD-CCL4, but not WT CCL4, significantly enhanced the immune infiltrates, including CD103^+^ DCs and CD8^+^ T cells, into both B16F10 and EMT6 tumors, which are cold tumor models. CBD-CCL4 markedly enhanced the antitumor effect of CPI therapy in multiple tumor models, including spontaneously developing breast cancer. This method is amenable to combination with multiple CPI antibody therapies and can be applied to multiple solid tumor types, highlighting its significant potential for clinical translation for improved cancer immunotherapies.

MATERIALS AND METHODS
=====================

Study design
------------

This study was designed to test the efficacy of tumor-targeted delivery of CCL4 engineered to exhibit high affinity for collagen in the tumor microenvironment. We tested whether targeted CCL4 delivery could then enhance recruitment of immune cells, including DCs and T cells, to the tumor, thus making them more responsive to CPI antibody therapy. Responses were characterized using tumor growth measurements, infiltration of immune cells into tumors, treatment-related adverse events, and cytokine production analysis. Statistical methods were not used to predetermine sample numbers; rather, pilot experiments and previously published studies were evaluated to determine appropriate numbers to yield meaningful, statistically significant results. Production of CBD-CCL4 was performed by multiple individuals, ensuring consistent and reproducible results. For animal experiments, mice were randomized into treatment groups within cages before therapy, and all mice were treated and evaluated in the same fashion. Samples were excluded from final analysis only in instances where a mouse developed health problems unrelated to the treatment, according to animal care guidelines. All tumor experiments were considered to have reached their endpoint when tumor volumes exceeded 500 mm^3^. All drug administrations and histopathological analyses were done in a blinded fashion. Statistical analysis is described further in a subsequent section, and all sample numbers are depicted in the figure legends.

Production and purification of recombinant VWF A3 domain-CCL4 fusion protein
----------------------------------------------------------------------------

The sequence encoding for the fusion of human VWF A3 domain residues Cys^1670^-Gly^1874^ (907 to 1111 of mature VWF), a (GGGS)~2~ linker, and murine CCL4 was synthesized and cloned into the pcDNA3.1(+) cytomegalovirus-driven mammalian expression vector by GenScript. A sequence encoding for the 6× His-tag was added at the N terminus for downstream purification of the recombinant protein. Suspension-adapted human embryonic kidney 293F cells were maintained in serum-free FreeStyle293 Expression Medium (Gibco). Protein production was performed according to our previous protocols ([@R22]). Briefly, on the day of transfection, cells were transferred into fresh medium at a density of 10^6^ cells/ml. Plasmid DNA (1 μg/ml) was mixed with linear 25-kDa polyethylenimine (2 μg/ml) (Polysciences) diluted in OptiPRO SFM media (Thermo Fisher Scientific), incubated for 20 min, and added dropwise to the cells \[4% (v/v) final concentration\]. The culture flask was agitated in a humidified orbital shaking incubator at 135 rpm at 37°C in the presence of 5% CO~2~. Six days after transfection, the cell culture medium was collected, centrifuged, and filtered through a 0.22-μm filter. Culture medium was loaded into a HisTrap HP 5-ml column (GE Healthcare), using an ÄKTA pure 25 (GE Healthcare). After washing the column with wash buffer \[20 mM imidazole, 20 mM NaH~2~PO~4~, and 0.5 M NaCl (pH 7.4)\], protein was eluted with a gradient of 500 mM imidazole \[in 20 mM NaH~2~PO~4~ and 0.5 M NaCl (pH 7.4)\]. The eluted protein was further purified with size exclusion chromatography using a HiLoad Superdex 200PG column (GE Healthcare). All purification steps were carried out at 4°C. The expression of CBD-CCL4 was determined by Western blotting using anti--His-tag antibody (clone J099B12, BioLegend), and the proteins were verified as \>90% pure by SDS-PAGE. Native-form murine CCL4 protein was purchased commercially from BioLegend.

SDS-PAGE analysis of protein molecular weight and purity
--------------------------------------------------------

SDS-PAGE was performed on 4 to 20% gradient gels (Bio-Rad) after CCL4 or CBD-CCL4 was reduced with β-mercaptoethanol. After electrophoresis, gels were stained with SimplyBlue SafeStain (Thermo Fisher Scientific) according to the manufacturer's recommendations. Gel images were acquired with the ChemiDoc XRS+ system (Bio-Rad).

Dynamic light scattering of CBD-CCL4
------------------------------------

Dynamic light scattering measurements were performed using a Zetasizer Nano ZS90 (Malvern). CBD-CCL4 (25 μg/ml CCL4 basis) was diluted in phosphate-buffered saline (PBS) or 50% mouse serum (diluted in PBS) for 30 min, after which particle size was measured in the automatic mode.

CBD-CCL4 collagen binding measurements using SPR and enzyme-linked immunosorbent assay
--------------------------------------------------------------------------------------

SPR measurements were made with a Biacore X100 SPR system (GE Healthcare). Collagen I or collagen III was immobilized via amine coupling on a CM5 chip (GE Healthcare) for \~1000 resonance units according to the manufacturer's instructions. CBD-CCL4 was flowed for 90 s (for collagen I) and for 30 s (for collagen III) at increasing concentrations in the running buffer at 30 μl/min. The sensor chip was regenerated with 50 mM NaOH for each cycle. Specific binding of CBD-CCL4 to collagen was calculated automatically using the response to a nonfunctionalized channel as a reference. Binding curves were fitted using BIAevaluation software (GE Healthcare). CBD-CCL4 binding results were fitted with Langmuir binding kinetics (1:1 binding). Enzyme-linked immunosorbent assay (ELISA) measurements were performed according to our previously reported protocol ([@R22]).

CBD-CCL4 binding to human and murine melanoma cryosections
----------------------------------------------------------

Human melanoma cryosections were obtained from OriGene Technologies. Murine melanoma sections were prepared from B16F10 melanoma tumors embedded in optimal cutting temperature (OCT) compound following fixation with 10% formalin and cryopreservation in 30% sucrose. Tissue sections were blocked for 1 hour with 2% bovine serum albumin in PBS with 0.05% Tween 20 (PBS-T) at room temperature (RT), after which samples were incubated with WT CCL4 (25 μg/ml) or equimolar CBD-CCL4 in PBS-T for 2 hours at RT. Tissues were then stained with mouse anti-human CD31 (ab119339, Abcam), goat anti-mouse CCL4 (AF-451-NA, R&D Systems), and rabbit anti--collagen I antibody (ab34710, Abcam) for 1 hour at RT. After staining with the appropriate fluorescent secondary antibodies, sections were covered with ProLong Gold Antifade Mountant containing 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) and sealed with a coverslip. Imaging was done with an IX83 microscope (Olympus), and images were analyzed using ImageJ software (National Institutes of Health).

GPCR calcium flux signaling assay
---------------------------------

GPCR signaling following interaction with native-form CCL4 or CBD-CCL4 was analyzed using a calcium flux assay (FLUOFORTE Calcium Assay Kit, Enzo Life Sciences). The assay was performed according to the manufacturer's protocol with slight modifications. Reagents were reconstituted, mixed as directed, and brought to RT before use. Twenty-four hours prior, 1.5 × 10^5^ ThP1 human monocytes, known to express CCR5 ([@R43]), were plated in each well of a tissue culture--treated 96-well round-bottom plate. On the day of the assay, cells were spun down at 2000 rpm for 2 min, medium was removed, and cells were resuspended in 100 μl of assay buffer. Cells were subsequently incubated for 45 min at 37°C and then for 15 min at RT before assay. Samples were then prepared separately in PBS in triplicate and then diluted 1:4 upon addition to the cells to give the indicated molar concentration of CCL4. After the addition of the compound, the samples were mixed several times with a multichannel pipette to ensure thorough mixing, after which they were transferred to a black-walled clear-bottom 96-well plate. Calcium signaling was then measured using a Cytation 3 multimode plate reader (BioTek) at an excitation wavelength of 490 nm and an emission wavelength of 525 nm, using bottom-read optics with the gain set at 100. Median effective concentration values were calculated using a nonlinear dose-response curve fitting model comparing log (test compound) versus response in GraphPad Prism.

Tumor cell line culture and maintenance and animal sourcing
-----------------------------------------------------------

All cells were maintained in a humidified incubator at 37°C and 5% CO~2~. Cells were routinely passaged using TrypLE Express (Thermo Fisher Scientific) once they reached 80 to 90% confluence. B16F10 melanoma, MMTV-PyMT breast cancer, and MC38 colon carcinoma cells were maintained in Dulbecco's modified Eagle medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS; certified, U.S. origin, heat inactivated, Gibco) and (500 U/ml; 1%, v/v) penicillin-streptomycin (P/S, Gibco). EMT6 breast cancer, CT26 colon carcinoma, and ThP1 monocyte cells were maintained in RPMI 1640 (Gibco) supplemented with 10% (v/v) FBS and 1% (v/v) P/S. All cells were confirmed to be mycoplasma free using a MycoAlert PLUS mycoplasma assay (Lonza). Female C57BL/6, FVB/N, and Balb/c mice, aged 8 to 12 weeks, were obtained from the Jackson laboratory. Female FVB/N-Tg(MMTV-PyVT)634Mul/J (MMTV-PyMT) mice, aged 4 to 6 weeks, were obtained from the Jackson laboratory. MMTV-PyMT mice were inspected weekly until tumors were palpable in at least four mammary fat pads. All mice were acclimated in their cages for 72 hours before use. Treatments were randomized within cages to minimize cage-specific treatment effects. All animal experiments were performed with approval and according to the policies of the Institutional Animal Care and Use Committee at The University of Chicago.

Blood plasma half-life characterization
---------------------------------------

B16F10 melanoma cells (5 × 10^5^) were injected intradermally on the left side of the back of each mouse. WT CCL4 and CBD-CCL4 were fluorescently labeled using Dylight 800-NHS (Thermo Fisher Scientific), and unreacted dye was removed by a Zeba Spin spin column (Thermo Fisher Scientific) according to the manufacturer's instruction. After 4 days, mice were injected with 25 μg of WT CCL4-DyLight 800 or the molar equivalent (25 μg of CCL4 basis or 93 μg of total protein) of CBD-CCL4 DyLight 800 via intravenous injection. Blood samples were collected into EDTA-containing tubes via facial bleed at 1, 5, 10, and 30 min after administration. Samples were then centrifuged at 2000 rpm for 5 min to collect plasma. Concentrations of CCL4 in plasma were measured using a LI-COR Infrared Odyssey Imager, and concentrations were calculated from a standard dilution series of labeled WT CCL4 or CBD-CCL4. Blood plasma half-life was determined using a one-phase decay model using GraphPad Prism software.

Biodistribution analysis in EMT6 tumor--bearing mice
----------------------------------------------------

WT CCL4 or CBD-CCL4 protein was fluorescently labeled using DyLight 647 NHS ester (Thermo Fisher Scientific), and unreacted dye was removed by a Zeba Spin spin column (Thermo Fisher Scientific) according to the manufacturer's instruction. A total of 5 × 10^5^ EMT6 cells resuspended in 50 μl of PBS were injected subcutaneously into the mammary fat pad on the right side of each Balb/c mouse. When the tumor reached approximately 500 mm^3^, 25 μg of DyLight 647--labeled CCL4 or 25 μg (6.7 μg of CCL4 basis) DyLight 647--labeled CBD-CCL4 was injected intravenously 30 min after injection, mice were euthanized, and tumors were extracted and imaged with the Xenogen IVIS Imaging System 100 (Xenogen) under the following conditions: f/stop, 2; optical filter excitation, 640 nm; emission, 670 nm; exposure time, 0.5 s; small binning. CCL4 concentration in each tumor was calculated on the basis of a standard dilution series of WT CCL4 or CBD-CCL4 labeled with DyLight 647 and normalized to the weight of the tumor.

Antitumor efficacy in B16F10 melanoma
-------------------------------------

A total of 5 × 10^5^ B16F10 cells resuspended in 50 μl of PBS were inoculated intradermally on the left side of the back of each C57BL/6 mouse. After 4 days (or 7 days for established tumor treatment study), mice were injected with WT CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as control. For studies performed in Batf3^−/−^ mice, B16F10 cells were inoculated as above. On day 7, mice were treated as described previously. Mice were euthanized on day 11, and tumors were processed into single-cell suspensions for flow cytometry analysis. For CXCR3 blocking studies, anti-CXCR3 (clone CXCR3-173, Bio X Cell) was given at 200 μg per mouse via intraperitoneal injection, beginning on the day of treatment and continuing every 2 to 3 days for a total of three doses. Tumors were measured with a digital caliper starting 4 days after tumor inoculation, and volumes were calculated as ellipsoids, where *V* = 4/3 × π × depth/2 × width/2 × height/2. Mice were euthanized when tumor volume exceeded 500 mm^3^ or when early removal criteria were met because of poor health of the mice. In the case of cell infiltrate analysis, mice were euthanized 10 days after tumor inoculation.

Antitumor efficacy in EMT6 breast cancer
----------------------------------------

A total of 5 × 10^5^ EMT6 cells resuspended in 50 μl of PBS were injected subcutaneously into the mammary fat pad on the right side of each Balb/c mouse. Six and nine days after tumor inoculation, tumors were administered with WT CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as control. Tumors were measured with a digital caliper starting 4 days after tumor inoculation as described above. Mice were euthanized 10 days after tumor inoculation to evaluate immune cell infiltration.

Immunofluorescence analysis of EMT6 breast cancer sections
----------------------------------------------------------

After tumors were harvested, a portion of the sample was fixed in 2% paraformaldehyde (PFA) in PBS for 24 hours, after which it was immersed in 30% (v/v) sucrose for an additional 24 hours before embedding in OCT compound. Cryosections were stained as described above, with the following modifications. Primary antibody staining cocktail consisted of rat anti-mouse CD31 (clone MEC 13.3, BD Pharmingen), rabbit anti-CD8α (ab4055, Abcam), and hamster anti-mouse CD11c (ab33483, Abcam) for 1 hour at RT. Following incubation with the appropriate secondary antibody, samples were covered with ProLong Gold Antifade Mountant with DAPI, imaged with an Olympus IX83 microscope, and processed using ImageJ software.

Analysis of treatment-related adverse events
--------------------------------------------

Off-target treatment-related adverse events were analyzed in B16F10 tumor-bearing mice as previously reported ([@R22]). B16F10 cells (5 × 10^5^) resuspended in 50 μl of PBS were inoculated intradermally on the left side of the back of a 15-week-old C57BL/6 mouse. Four and 7 days after inoculation, mice were injected with WT CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. CPI therapy alone was administered as control. On day 8, blood was collected via cheek bleed into protein low-binding tubes (Eppendorf), followed by overnight incubation at 4°C. Serum cytokine concentrations were analyzed using Ready-SET-Go! ELISA kits (Invitrogen) according to the manufacturer's protocol. On day 10, mice were euthanized, and blood was again collected into protein low-binding tubes, incubated \>4 hours at 4°C, and analyzed using an ALT activity assay kit (Sigma-Aldrich) according to the manufacturer's protocol. The lung, liver, and kidney were harvested and fixed overnight in 2% PFA. Samples were then embedded in paraffin blocks, 5-μm sections were cut, and sections were counterstained with hematoxylin and eosin. Samples were then imaged with a Pannoramic digital slide scanner (3DHISTECH), and images were evaluated by a pathologist (A.I.) blinded to the treatment groups.

Antitumor efficacy in CT26 and MC38 colon carcinoma
---------------------------------------------------

A total of 5 × 10^5^ CT26 or MC38 cells resuspended in 50 μl of PBS were inoculated intradermally on the left side of the back of each Balb/c (for CT26) or C57BL/6 (for MC38) mouse. After 5 days, mice were injected with unmodified CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with 100 μg of αPD-1 antibody therapy given via intraperitoneal injection. Tumors were measured with a digital caliper starting 5 days after tumor inoculation as described above. Mice were euthanized when tumor volume exceeded 500 mm^3^.

Antitumor efficacy in MMTV-PyMT breast cancer
---------------------------------------------

For orthotopic implantable MMTV-PyMT studies, a total of 10^6^ MMTV-PyMT cells resuspended in 50 μl of PBS were inoculated subcutaneously into the mammary fat pad on the right side of each FVB/N mouse. After 6 days, mice were injected with unmodified CCL4 (25 μg given via intravenous injection) or molar equivalent CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intraveous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. Tumors were measured with a digital caliper starting 5 days after tumor inoculation as described above. Mice were euthanized when tumor volume exceeded 500 mm^3^. For tumor rechallenge experiments, mice that cleared tumors were inoculated 1 month after tumors were last palpable in the contralateral mammary fat pad with a total of 10^6^ MMTV-PyMT cells resuspended in 50 μl of PBS. Naïve control mice were also inoculated in a similar fashion. The mice were evaluated every 3 days beginning 5 days after tumor inoculation for the development of tumors. For spontaneous MMTV-PyMT tumor studies, once total tumor volume reached approximately 100 mm^3^, the mice were treated with CBD-CCL4 (25 μg of CCL4 basis or 93 μg of CBD-CCL4, given via intravenous injection) in combination with CPI antibody therapy consisting of αPD-L1 and αCTLA4 (100 μg each) given via intraperitoneal injection. Identical treatments were given 7 and 14 days after initial therapy. Tumors were measured biweekly with a digital caliper as described above, and the mice were euthanized once tumor volume exceeded 1000 mm^3^ or the mice experienced adverse effects due to tumor burden.

Tissue and single-cell preparation for immune cell analysis
-----------------------------------------------------------

Both B16F10 and EMT6 tumors were harvested 10 days after initial tumor inoculation. All cell isolation procedures were adapted from previously reported methods ([@R22]). Tumors were minced into small pieces, after which enzymatic digestion consisting of collagenase D (2 mg/ml) and deoxyribonuclease I (40 μg/ml, Roche) in DMEM containing 2% FBS was performed for 30 min at 37°C under gentle agitation. Single-cell suspensions were obtained by gently disrupting the enzyme-treated tumor through a 70-μm cell strainer. Red blood cells were lysed with ammonium-chloride-potassium (ACK) lysing buffer (Quality Biological), after which cells were centrifuged and resuspended in flow cytometry staining buffer consisting of PBS containing 2% FBS for downstream analysis.

MMTV-PyMT splenocyte stimulation assay
--------------------------------------

Spleens were harvested 21 days following secondary challenge of MMTV-PyMT tumor cells. Single-cell suspensions of splenocytes were obtained by passing each spleen over a 70-μm cell strainer, after which red blood cells were lysed with ACK lysing buffer. Cells were centrifuged, passed over a 70-μm cell strainer again, and resuspended at 1 × 10^7^ cells/ml in Iscove's modified Dulbecco's medium (Gibco). Splenocytes (10^6^) were then plated in 96-well round-bottom plates in the presence of PMA (20 ng/ml) and ionomycin (1 μg/ml) for 6 hours at 37°C. BD Golgiplug (BD Biosciences) protein transport inhibitor was added during the last 4 hours of culture. Cells were then centrifuged and resuspended in flow cytometry staining buffer for downstream analysis. Intracellular cytokine staining was performed using the BD Cytofix/Cytoperm (BD Biosciences) intracellular staining kit according to the manufacturer's protocol.

Flow cytometry analysis and antibodies used
-------------------------------------------

Single-cell suspensions from tumors were prepared as described above. Antibodies against the following molecules were used in all experiments: anti-mouse CD3 (145-2C11, BD Biosciences), anti-mouse CD4 (RM4-5, BD Biosciences), anti-mouse CD8 (53-6.7, BD Biosciences), anti-mouse CD25 (PC61, BD Biosciences), anti-mouse CD45 (30-F11, BioLegend), anti-mouse CD44 (IM7, BioLegend), anti-mouse CD62L (MEL-14, BD Biosciences), anti-mouse PD-1 (29F.1A12, BioLegend), anti-mouse NK1.1 (PK136, BioLegend), anti-mouse FoxP3 (MF23, BD Biosciences), anti-mouse TNFα (MP6-XT22, eBioscience), anti-mouse IFN-γ (XMG1.2, BioLegend), anti-mouse F4/80 (BM8, BioLegend), anti-mouse MHCII (M5/114.15.2, BioLegend), anti-mouse CD11b (M1/70, BioLegend), anti-mouse CD11c (N418, BioLegend), anti-mouse CD19 (1D3, BD Biosciences), anti-mouse Gr-1 (RB6-8C5, BioLegend), anti-mouse CCR5 (HM-CCR5, BioLegend), and anti-mouse CD103 (M290, BD Biosciences). Live/dead cell discrimination was performed using Fixable Viability Dye eFluor 455 (eBioscience) according to the manufacturer's instructions; an F~c~ receptor blocking step (anti-mouse CD16/32, clone 93, BioLegend) was also included to minimize nonspecific antibody binding. Surface staining was carried out on ice for 20 min, and intracellular staining was performed using the FoxP3-transcription factor staining kit according to the manufacturer's instructions (eBioscience). Otherwise, samples were fixed in 2% PFA in PBS. All flow cytometric analyses were done using a Fortessa (BD Biosciences) flow cytometer and analyzed using FlowJo software (TreeStar).

Statistical analysis
--------------------

The statistical significance between treatment groups was assessed using Prism software (v7, GraphPad). For multiple comparisons, analysis of variance (ANOVA) followed by Tukey's post hoc test was used when differences between groups were found to be similar by Brown-Forsythe test. For nonparametric data, Kruskal-Wallis test followed by Dunn's multiple comparisons test was used. For comparisons between two groups, a two-tailed Student's *t* test was used. Survival curves were analyzed using the log-rank (Mantel-Cox) test. \**P* \< 0.05 and \*\**P* \< 0.01.
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